This study compared the dynamic rheological properties of natural peanut butter with commercial peanut butter at 25
INTRODUCTION
Peanut butter is a spreadable product made from roasted peanuts that are ground into paste. The term nut butter is used for a product consisting of a minimum of 90% of peanuts, while less than that is considered as nut spread. [1] In current peanut butter manufacturing, peanuts have to undergo two steps of grinding due to the different plates clearance required at each stage in order to obtain the finest peanut butter. [2] The initial milling reduces the nuts into medium grind and the second milling further produces an ultrafine particle size of peanut butter i.e., 98% less than 73.7 µm diameter (d 4, 3 ) with a maximum size less than 254 µm using a very high speed comminutor operating at 9600 rpm. [2] In another study, the particle size of smooth peanut butter product examined under light microscopy and showed that the volume average diameters (d 4, 3 ) is 6.6 µm.
[3] While differences in particle size affect peanut butter texture, different grinding methods also yield products of different texture as reported by Sihsobhon et al. [4] Food products with the same particle size but different particle size distribution (PSD) are known to yield product with dissimilar texture and structure. Broader PSD of the whole jaboticaba pulp shows different rheological properties than the reconstituted pulp even though they have the same particle size. [5] The importance of structure-rheology interrelationship has been highlighted by many authors. [6−9] The particle size analysis and rheological characterization of food products are important in their formulation, processing, transportation, and storage, particularly for food emulsions and suspensions. [9] Peanut butter is a kind of colloidal suspension consisting solid peanut particles in peanut oil. [3] Both rheological and structural data should lead to understanding the interrelations between them which further enhances the food quality through invention of foods with desirable structures and rheological behavior. [7] Controlling PSD was proved to be the most prominent factor to obtain a desirable product. [10] The small amplitude oscillatory shear (SAOS) test within the linear viscoelastic region (LVR) had been extensively studied for better understanding of the relationships between structural and rheological properties of food material such as mozzarella cheese, [11] sesame paste, [9] apple puree, [12] and tamarind seed gum in aqueous solution. [13] Tunick reviewed the usefulness of smallamplitude oscillatory shear test for determining the nature of protein matrix on samples containing protein. [14] Recognizing the importance of PSD on rheological behavior of food suspensions, this study aims to investigate the effect of PSD on LVR of natural peanut butter produced from two varieties of peanuts and compare their dynamic rheological behaviors with commercial peanut butter.
MATERIALS AND METHOD

Natural Peanut Butter Preparation
Peanuts were roasted in batches of 1 kg on two 14 × 10 cm 2 aluminium trays in a convection oven (Memmert UNB 500, Germany). The roasting conditions used were 152
• C for 60 min for the China (Virginia) and 158
• C for 45 min for the India (Spanish) peanuts. The natural peanut butter was made by grinding roasted peanut at 20,000 rpm in a commercial food processor (Multi-function processor, M-PLAN Sdn. Bhd., Malaysia) for grinding time of 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, or 5.0 min. The grinding was conducted twice for each grinding time. The peanut butter was stored in air-tight glass jar prior to analysis. A commercial smooth and spreadable peanut butter (Lady's Choice TM , Unilever [M] Holdings Sdn. Bhd.) was used as the reference sample.
PSD Measurement
The particle diameter and size distributions of peanut butter were measured using a particle size analyzer, Malvern 2000 Mastersizer equipped with Hydro 2000 MU (A) sample input cell which also consists of a pump and stirrer to circulate the samples through the particle size analyzer (Malvern Instruments Ltd, Worcestershire, UK). For each peanut butter sample, 0.01 g was placed in a 25 mL test tube and 15 mL of acetone was added to dilute and disperse the samples. The sample was dispersed in acetone using a vortex mixer. A transfer pipette was then used to add this diluted solution to the sample input cell of the analyzer. The sample was added until the obscuration is within the range of 0.10 to 0.15. The obscuration refers to the amount of light which is obscured by the sample because of diffraction and absorption. The acetone and the peanut butter refractive indexes were set at 1.376 and 1.500, respectively. The data were obtained and analyzed using the Malvern software for Windows (Malvern Instruments Ltd, Worcestershire, UK). Particle size calculations were based on the Mie-Scattering theory. Two batches were obtained for each grinding time of different peanuts' origin, and each sample was analyzed five times and the average was reported.
Dynamic Rheological Measurements
Peanut butter samples were subjected to dynamic rheological measurements immediately after grinding. A controlled stress rheometer (AR-G2, TA Instruments, New Castle, USA), equipped with a 40 mm diameter cross-hatched plate-plate geometry was used to characterize the rheological behavior of peanut butter. The stress sweep tests were performed at 25
• C and constant angular frequency of 1 Hz over a shear stress range of 0.01-100 Pa, which covers both linear and non-linear viscoelastic range of peanut butter. The dynamic rheological data obtained included the storage modulus (G ) and the loss modulus (G ). For each sample, the measurements were taken twice and the average was reported.
Statistical Analysis
The grinding was done in two batches per grinding time for each variety. For each batch, the particle size analysis was conducted five times while stress sweep test was conducted in duplicate. Since the mean difference was not significant between batches of each sample, the average and standard deviation of each sample were taken for total ten runs of particle size analysis and the average of four runs for stress sweep test. Significant differences were determined by the student t-test using Microsoft Data AnalysisTool Pack. Differences were considered significant at p < 0.05 and marked with different superscripts. 
RESULTS AND DISCUSSION
PSD
Mode (µm) Grinding time (minutes)
China India As expected, PSD decreased with grinding time. The effect of grinding time was more pronounced for the d 0.9 where significant decrease can be seen with the increase of grinding time, especially for China peanuts. A similar result was also obtained from a grinding study of soy bean and red gram. [15] Longer grinding time produced narrower PSD for the natural peanut butter as is shown in Fig. 1a. In Fig. 1a , the particle size being represented by the calculated span, a dimensionless width factor defined as SPAN =
. Between the two varieties, the India peanut was found to have a wider size distribution than China peanuts. Even though the size of roasted India peanuts (length: 9.22 ± 0.64 mm, diameter: 2.85 ± 0.51 mm) is smaller than roasted China peanuts (length: 13.91 ± 0.85 mm, diameter: 3.99 ± 0.81 mm), the results show that its structure is more resistant to breakdown during grinding. The range of span value of natural peanut butter in this study is 4.44-2.59 and 3.94-6.78 for China and India peanuts, respectively, whereas for the sesame paste it is 6.71-12.49 [16] which indicates that sesame paste has wider PSD than peanut butter. Generally, the initial size of a material influence the span value and PSD as well where smaller initial size shows wider PSD.
Figures 1b and 1c present the mode (µm) and specific surface area (m 2 g −1 ), respectively, of both varieties of peanuts. Sample S 4.0 of the China variety exhibits most similarity with commercial peanut butter in terms of mode and specific surface area value. In contrast, the span value of S 3.0 and S 3.5 are approximates to the commercial peanut butter (Fig. 1a) . Generally, natural peanut butter produced from China peanuts at grinding time between 3.0 to 4.0 min has almost equal PSD with commercial peanut butter. [10] sesame paste, [9] and chocolate as reviewed by Servais et al. Multimodal PSD was found useful to increase the maximum value of volume fraction and considerably reduce the viscosity of suspensions which leads to optimum suspension transport and fluid performance during high solid content processing. [17] When multimodal distribution is obtained, the distribution is more important than its mean size thus the mean value should not be used. [10] With different size of distribution, the span value is used to differentiate the particle size of the systems.
Stress Sweep Test
The comparison of the dynamic viscoelastic properties i.e., storage moduli (G ) of natural peanut butter with commercial peanut butter at 25
• C are presented in Figures 3a and 3b , respectively. Comparing both figures, G of the natural peanut butter from India peanuts is higher than the China suggesting association of greater elastic behavior in the earlier. Both varieties exhibits similarities in LVR. The LVRs of both varieties decreased with grinding time where in general, they are classified into two categories of grinding times, the shorter being 2.0-3.0 min and the longer being 3.5-5.0 min, each having LVRs of 0.1-10 and 0.03-3 Pa, respectively. This reflects that PSD has pronounced effect on the LVR of natural peanut butter. The commercial peanut butter has a higher LVR than natural peanut butter ranging from 0.1-11 Pa. It is because it has stabilizers which promotes peanut butter structure stability. The findings supported the microstructure study by Aryana et al. who examined the microstructure of commercial and natural peanut butter using light microscopy. [18] They discovered a well distributed protein bodies and cell wall fragments in commercial peanut butter while in natural peanut butter, there were large compact clumps, consequences of the aggregration of protein bodies and cell wall fragments. Generally, stable dispersions have longer linear regions while coagulated and strongly flocculated dispersions have relatively short linear regions. [19] In gels, the length of LVR denotes gel properties where strong gels remain in the LVR over greater stress than weak gels. [20] For comparisons with other food, the LVRs of tomato pastes and ketchups occured in a range of stresses between 0.01-20 and 0.01-4 Pa, respectively, [21] and the lower and high pulp content of apple puree are between 0.01-2 and 0.1-13 Pa, respectively, [12] while the fat in chocolate milk is 0.1-9 Pa. [22] CONCLUSIONS All peanut butter samples regardless of PSD, variety, and type exhibited elastic or solid-like properties from the measured G . This dynamic modulus was also greater for India peanuts than China peanuts at all respective grinding times. The LVR was greater for wider PSD or shorter grinding times (S 2.0 -S 3.0 ) than a narrower PSD from a longer grinding time (S 3.5 -S 5.0 ). It is concluded that a wider PSD can produce a more stable structure of natural peanut butter.
FUNDING
This work was funded by Universiti Putra Malaysia's Research University Grant Scheme with Project No. 05-02-11-1399RU.
